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The Spectrum of Shock-Heated Gases Simulating the Venus Atmosphere 

BY 

A. Fai rba i rn  

ABSTRACT 

Mixtures of 90% N2 plus 10% GO2, and 8070 N2 plus 20% C 0 2  

have been heated by reflected shock waves to tempera tures  of about 

8000°K and normal  density. 

ments  have been made of the emitted radiation in the region 0 . 2 3 ~  to 

1 . 2 ~ .  The C N  radical  is the most prominent radiator  in these exper;- 

n;\--nts and the intensity’ of the emission may be used to derive trdnsitlon 

probabilities for  the violet and re’d systems of bands. 

Photographic and photo -electr ic  measure  - 

H cr-tuo4 
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INTRODUCTION 

The composition of the atmosphere of Venus is not known with 

The spectrum of Venus shows some strong bands in the any certainty. 

photographic inf ra red  which may certainly be attr ibuted to carbon 

dioxide but to  date no other constituent of the atmosphere has  been iden- . 

tified. E a r l y  es t imates  of the composition ( s e e  Ref. 1) tended to favor 

a predominance of GOz, about 85 pa r t s  pe r  cent, with N2 and a l i t t le 

oxygen making u p  the remainder.  Lately the est imates  have been revised 

and atmospheres  with a preponderence of N have been suggested. 2 
2 

While the est imate  must remain somewhat a rb i t r a ry ,  it is c lea r  

that the atmosphere of Venus does differ f rom that of the Ear th  by the 

inclusion of a n  appreciable proportion of CO 

that the equilibrium composition of the atmosphere heated to high t e m -  

Thus it is to be expected 2' 

pera tures ,  as for  example at the g a s  cap of an incoming vehicle will 

coniain the decomposition products of CO plus c r o s s  -products with 

nit r og ex1 . 
2 

These new constituents may well modify the radiation pattern 

as compared with that of hot air and the present  investigation has been 

made to  study this effect. 

EXPERIMENTAL 

The gas has  been heated in  a shock tube, 10 feet long and 1 @ 

inches in diameter.  

hydrogen or  'combustion drive may be used. 

stoichion:etric mixtures  of oxygen and hydrogen diluted with about 4 par t s  

of h d i u i n  a r e  used, the mixture being ignited by an exploding wire  strung 

The dr iver  is some two feet long and either cold 

F o r  combustion dr ive,  

i 
down.l;he length of the dr iver .  

'* -,-; ..,..... :.. ..,...... 
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I '  Shock speeds a r e  measured by the time interval between signals 

f rom ionization pick-ups at stations down the tube. Typical experimental  

conditions have been an initial charging of the tube to a p res su re  of lOmm 

. Hg with experimental  gas ,  a diaphragm bursting at around 2000 psi. 

Shock speeds of around 4 . 5 m m / ~ s e c  a r e  achieved. 

was made up by par t ia l  p re s su res  in .a  mixing tank and left overnight 

before  ase .  

The initial gas mixture 

Commercial  nitrogen a n d  carbon dioxide were  mixed without 

purification to  give 207'0 CO 80% N2, and 10% GO2, 90% N2. Tb,e shock 
.. . 2' 

tube could be evacuated to p re s su res  has  been 1p Hg and with leak ra tes  . .  

of about lp Hg per  minute accidental modification of the initial gas  c o m -  

position was  not important. 

The tube was closed by an end plate with a flush mounteu window 

in its center and observations were made on the gas  processed by the 

ref!ectLn of the incident shock f rom the end wall. 

viewcd axially down the tube. 

The gas  w a s  thus 

With this  arrangement ,  there  were  about 3 0 p s  between the ref lec-  

tion of the shock and the interaction of the reflected shock with t';e boundary 

l aye r  and the contaminated region in  front of the dr iver  which causes  a 

heavy masking of the spectrum vith impuri t ies  and an effective end of 

the experiment. 

is  given in Ref, 3 .  

An extensive account of propert ies  of reflected shocks 

Pre l iminary  observations of the spectrum were  made with a 

mec:ium quartz spectrograph fitted with a drum camera .  

spzctrogra2h was lined up close to  the window and no lens was used. 

Wit:l a sli t  height of about lmm and the 12 inch circumference drum 

The slit of the 

spinning at 400 i p s ,  a t ime resolution of about lops could be obtained. 

With a 50p entrance slit width,single shot spec t ra  could be obtained. 
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r The ent i re  photographic region between the limit of Kodak IN film at 0 . 9 ~  

and the violet limit of 103-0 film at 0 . 2 3 1  was examined. 

The drum c a m e r a  observations gave valuable qualitative mea-  

s u r e s  of the spectrum and these were  followed up by quantitative measu re -  

ments  made with a photo-electric scanning spectrometer .  

was built by J. C. Camm of this laboratory and will  be fully described 

elsewhere. 

31 2 p e r  p sec.  

s l  e  LE^ r ed  sensitive photomultipliers the region between 1 . 2 1  and 0. 3p 

This instrument  

It has a dispersion of about 3002 per  mm and can scan about 

Thus, it could scan about 9 0 0 2  per  experiment. With 
I .  

I , l i i ~ n  investigated. Order  sorting was done with Corning f i l ters .  

The photomultipliers were calibrated against sub-standard 
4 

tu:-igst<il  iamps and the emissivity curves  for tungsten given by DeVos 

wc L-(. ;sed together withblack bociy tables to make the calibration absolute. 

A portion of the radiation entering the spec t rometer  was moni- 

tored 1:y a second photomultiplier to show when the experiment was over 

ai ;,= in overal l  check on the reproducibility. In general  the observed 

r ;  .i:b.L ,II could be reproduced to bet ter  than + 50$7'. - 

RESULTS 

The photographic records  obtained showed that the radiation f rom 

th,- C;N radial  was by far the biggest factor with the mixtures  and conditions 

a?rzacIy described. Both the red,  A 2 n-  X 2 C, and violet, B 2 C-CX 2 E, , 

t ra I~s i t ions  were  observed. 

d r  wr: 7.u about 0 . 4 ~  with i t s  main strength lying in the region 1 .21  to  

u op. 

and (1, 0) sequences, a few of the ta i l  bands were  identified but their  

contribution to the spectrum w a s  ve ry  small. None of the other CN 

The red sys tem extends f rom about 2 p  

The CN violet sys tem is mainly confined to  the (0,Z) (0,l) (0, 0)  
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. ' sys:enis5 was identified. 

Besicksthe carbon line at 24782, the only other carbon containing 

. sip'-cics observed was the C2 Swan band sys tem - but this  was fair ly  weak. 

The carbon monoxide 4th positive sys tem which might be expected to 

radiate at about 25006: and was not observed. 

The other spec t ra l  features  noted in this  survey included the 

\ '  

* z  2 sositive and N 2nd positive and a continuum extending f rom the 

_ .  blue to  beyond 2500a. The ,source of this  continuum has  yet to be identified. 

The signals f rom the. photo-electric scanner  were  recorded f r o m  

LE i c  sgraph t r ace ,  Fig. 1. The t rue  emission record  was distorted 

sii -+h the wavelength and depth of hot gas  were  changing at the same 

'A1 the recorded intensities was scaled to a t ime corresponding . tirr, . 
with a c 9th of 1 c m  of radiating gas, using a computed value for the 

,-efli ( I  I. shock speed. The slmple assumption was made that the gas  

Ma. I ally thin and thus the radiation was proportional to  the depth. 

. .  
, In S l G m C !  of the r eco rds  obtained fol: the CN violet this was clear ly  

unte;iable (Fig. l (b)) ,  but in the red the assumption is justifiable. As a 

CheLk, a few runs were  made with the scanner  immobile and the spectro-  

me te r  se t  at a wavelength'of 92256: with the aid of an argon discharge 

(Fig.  l(a)). The emission at this wavelength is quite intense but the r eco rds  

. showed a fair ly  l inear  rise .with time. Although the r i s e  may appear  

1 n<- .I-, over a small distance, self-absorption can  still be causing a lower '  

- - 1  

lhe  scanner also recorded some atomic l ines which were  not 

~ 1-1.n on the films, these were oxygen and nitrogen l ines and although 
I 

tl  :c.:lc; intensit ies were  high, their width was nar row and the total 

rcLdic . :  ': w a s  small compared w:th the band spectrum. 
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GAS PROPERTIES 

The equilibrium gas temperature ,  density and compositions 

were  calculated f rom a machine program supplied by Los Alamos 

Scientific Laboratory. 

were  calculated. 

which do not extend above 6000OK. 

Both the incident and reflected shock conditions 

This program uses input data f r o m  the JANAF 6 Tables 

? The.calculations were  made up to t em-  

0 pera tures  of about 8000 K and s o  must  be regarded as approximate. 

ic, .,za,~:im was not taken into account. Since the CN radical  was the main 

A 

. .\ -.<: is c a s i d e r a b l e  doubt about i t s  dissociation energy. 

T n ~ l c s  lise a value of H 

: a t w  i ts  concentration was of most  interest .  It is unfortunate that 

The JAXAF 

0 
0 corresponding with a dissociation energy of b. 35ev  

while other authors ,  7 have given arguments  for  8.2ev, and yet o thers  8 

have given 7.6ev. 

there  is roughly a factor of two between the computed CN concentratioa 

using D There  i s  a l so  a neglect in the input 

At the temperature  and p res su res  of these experiments 

= 7.6ev and Do = 8.35ev.  0 
data of higher excited s ta tes  of CN, which will be significally populated 

i n  the experiments.  

INTENSITY OF RADIATION 
2 'The CN red  sys tem is the A ZT- X2 C transit ion of the molecule 

and will tnus have 12 rotational branches. Each vibrational level will 

thus L e  s:>lit into a la rge  number of sub-levels and these cover the region 

between vibrational levels,  resulting in a fa i r ly  continuous coverage of 

the s p ~ c : :  urn. Self-absorption only becomes ser ious  when the intensity 

at a z r i  (liar wavelength approaches the black body limit  and a s m e a r -  

ing  o ~ : !if- transit ion over a large wavelength interval tends to keep the 

s pecl :a1 Intensity low. Since the resolution in these experiments was 
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much too low to see details  of the rotational spectrum we shall  hcrt. 

s ider  only the integrated intensit ies of the various vibrational tra-,sillc,ns. 

A listing9 of the band heads shows the transit ion extending f rom 4<00,1, 

to beyond 14, 0 0 0 2  but the investigation he re  shows the region S e h w  

5 7 0 0 x  to  be unimportant. 

on- 

, \  

10 Dixon and Nicholls have made an invt.s:;i; ;tic 

of the relative intensit ies in the system and their  values may be coupLcd 

with the relative populations of the vibrational levels  to  calculate t? 1 c con- 

tributions of each band to  the total: The resu l t s  show that at 8 0 C G " K  c,.dy 

about 10% of the total  band intensity lies in the region beyond 1. 211 which 

could not be recorded. Only about 2'7'0 l ies  in the blue region beyond 0. 581 

The emission intensity of a radiator  may simply be written as 

I = N h v A where N is the number of emi t te rs ;  h is  Planck's con- 

stant; A is the Einstein spontaneous emission probability; and v is the 

e m  

frequency of the radiation. A i s  proportional to  the quantum mechanical 

electronic transit ion probability Re2 and a l so  to  v '. Normally, R i s  a 

function of the internuclear separation and thus var ies  f rom band t:, b; ,ci. 

In the case  of C N  red  Dixon and Nicholls'O have shown this  varies ' o r  

e 

to  be small. Thus A will be a meaningful pa rame te r  for  the whr: ' 2  b - a d  

system. 

The proportionality of the inte'nsity of radiation with number of 

eT i t t ed  assumes  that once emitted radiation will not be re-absorbed. 

Now in general ,  the radiation emitted will be given by I = B (1-exp( -a 
V B V 

where  B is the black body function; a is the absorption coefficient a t  

v and x is the depth of radiating gas. When a x is small I = B a 

and is proportional to the number of molecules in the ground state.  The 

quantity (1 - exp (-a x)) is the emissivity E ,  of the gas  sample. Thus, 

i f  a given measured  intensity is corrected by the factor 

B V 

V V B v  

V 
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I - exp (-a x)) E - E -  (1 - E ) , the effect  of self-absorption 
1. V 

,vi! !lowed for.  Strictly,  the relations given only apply to  mono- 

ch.  , c  light since a is a rapidly varying function of v . As already 

no1 

ogether with the charac te r i s t ics  of a molecular emission tend to s m e a r  

the detailed s t ruc ture  expected a t  low temperature  and p r e s s u r e s  and we 

shal l  be approximately justified in treating the band as having an average 

. ,  ;he condition of high pressure  and temperature  in these experiments,  

absorption coefficient. 

knowledge of the line shapes which can be obtained f rom a study under 

A more  refined correct ion will require  a detailed 

high dispersion. 

Another correction to be made concerns the effect of induced 

emission. 

compared with the ground s ta te  induced emission will cause the apparent 

transit:on probability to exceed the t rue  value by the factor  

When the population of the upper s ta te  becomes appreciable 

11 

-1 (1 - exp ( -  h c/x kT)). 

In Fig.2 is given the observed intensity of the CN red  system. 

By comparison with the black body curve it can be seen that the average 

emissivity of the gas  is about 0.25 and the self-absorption correct ion w i l l  

be di)oiit i. 16, the induced emission factor is (1 - exp ( -  1.44/0.9 x 10 
-5 x 8000))-l 

= 1.1.5. 'These two factors  then cancel out. 

- 3  ,Tow the integrated radiation under the curve is 530 watts c m  

-1 steradidn 

the total number of CN radicals under these conditions is 6.6 x 10 

with a median wavelength of 0.91.1. The computed value for 

per  
17 

c m 3  if  Do '. 8.35ev and 3 x l o i7  p e r  cm3  if  Do = 7.6ev. The partition 
12 functions for  the CN molecule have been given by Burhorn and Weinecke 

2 and may be  used for find the'fraction of molecules in the A 77 state. As 

a l ready  stated, the radiation here  observed represents  about 9070 of the 

---if- , /  . ---. ~ , I , , , , . .-. , - 
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:c msition. F r o m  the observed radiation a contribution must  be 

SI Led to allow for the N2  1st positive radiation which will be the only 

Ot .ain radiation. This may be est imated a s  50 watts (31-n'~ s teradian -1 . 13 

'rjI,,-. we obtain A = 1.4 x 10 5 sec" i f  Do = 8.35ev and A = 2 . 8  x 10 5 sec -1 

if Do = 7.6ev. 

VIOLET SYSTEM 

In Fig. 3 is plotted the intensity in  the violet obtained with a 10% 

Figure l (b)  has shown strong self-absorption occurring in C 0 2  mixture. 

the ( 0 ,  0) band, and although the int'ensity a t  3900A, i. e . ,  the ( 0 , O )  band 

is apparently of the same order  as  that at 420061, i . e .  , the ( 0 , l )  band, 

this is  a distortion. The emission as 4200 is not strongly self-absorbed 

and will be used to derive an approximate A value for the violet system. 

The Frank-Condon factors  for  this system have been given by Nicholls 
14 

up to the third vibrational level. 

cient fo r  detailed calculation, it way be used to  show that approximately 

While this res t r ic ted  a r r a y  is insuffi- 

5% of the total  transit ion l ies  in the ( 0 , l )  sequence of bands. 

e s t ima te  the integrated emission to be about 20 watts. 

density of CN i s  3.6 x 10 

of 4600°K, 1 in 213 a r e  in the B X state  we thus obtain A = 6 x 10 sec' l  

i f  = 8.35ev and A = 1.2 x 10 sec  for  Do = 7.6ev. The resul ts  may 

be summarized: 

Here we 

The computed 

17 pe r  cm3 and at the e q d i b r i u m  temperature  

2 6 

7 -1 

TABLE I 

". A s e c - l  

System Wavelength Do = 8.35ev Do = 7.6ev 
5 

. 7  
2.8 x 10 

1.2 x 10 

5 
Red 0 . 9 p  1.4 x 10 

6 
Violet 0.'42p 6 x 10 

I 
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COMPARISON WITH OTHER WORK 

Bennet and Dalby15 have given fo r  the CN violet A = 1.18 x 10 4 s e c  -1 

7 a t  about 0 . 3 9 p ,  this may be scaled with the v 

sec  at 0 . 4 2 ~ .  Tsang, Bauer and Cowperthwaite, have given f number 

es t imates  for the sys tem of 1/2 to 1/3 of Bennet and Dalby's value. 

direct  values for the transit ion probability for  the red system a r e  known 

tcj the author although Herzberg and Phillipslb r emark  that the oscil lator 

strengths of the r ed  and violet systems a r e  both apparently of the same 

order .  

oI A T has  a radiative lifetime 6. 7 t imes  that of the V I  = 0 level of B Z. 

2 T h e  A B VI = 10 level will ha've i t s  main strength at about 0. 55p. Scaling 

t he  f igures in Table I we obtain a ratio of 12. It must  be s t r e s sed  that this 

dependence to give 0.9 x 10 

-1 7 

No 

Recently, Radford and Broida" have found that the v' = 10 level 

2 2 

. .  
, .  
.. . .  
. .  

e .  

.. ,:.i . . , 
:* .% .. ' 

. . .  '.E * 
. 1' : . . 

, .: q 
, 4  . 

. .  

comparison is very  approximate, b u t  it does show at least  o rde r  of mag-  

nitude agreement  between the two se t s  of,data. 

In conclusion we may note that i f  the resu l t s  given he re  agre.3 

o, - ! t  t '  v:ell with Bennet and Dalby!s value if Do CN = 7.6ev. 

n x i d  they agree  bet ter  with Tsang et a1 if D 

On the other 

CN = 8. 35. 0 

. .  

. .  
.. . .  ' 

' . . i _  . . .  . 
. r. .. . . 
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L E G E N D :  U P P E R  TRACES MONITOR; T I M E  INCREASES T O  RIGHT,  lops. P E R  DIVISION 
0 

(a) LOWER BEAM SET A T  9225 A, 20% C 0 2 ,  80% N2, p, = 10 mm Hg Us = 4.4 mm/ps .  

(b) LOWER BEAM SET A T  3888 A, 10% C 0 2 ,  90% N2, P, = 10 mm Hg Us= 4 . 2  mm &s,  

(c) SCANNER GOING: 20% CO2, 80% N2, p, 10 mm Hg Us = 4.4 mm;p s.  

(d) SCANNER GOING: 10% C 0 2 ,  90% N2, p , =  10 mm H g  U s =  4.3 mm,pS.  

0 

F i g .  1 Oscillograms obtained with scanning spectrometer  


